Abstract -The Bit Error Rate (BER) on the forward link of a single cell CDMA system using concatenated Walsh/m-sequences is studied. BER results obtained by the Gaussian approximation, by the characteristic function approach and by Monte Carlo simulation are compared. A modified Rake receiver is found to have better performance than the standard Rake or correlation receivers especially for Rician faded multipath channels with Rice factors greater than 2 dB.
I. INTRODUCTION
The BER on the forward link of a CDMA system employing concatenated Walsh/m-sequences has been studied using the Gaussian approximation in [l] . This approximation [2] is reasonably accurate for analyzing CDMA systems in which there are a large number of independently transmitted signals. However, on the forward link of a CDMA system, signals simultaneously transmitted and intended for other users within the cell suffer the same fade, transmission delay and phase distortion so that the accuracy of the Gaussian approximation needs to be assessed.
In this paper, expressions are obtained for the BER on the forward link of a one-cell CDMA system using the characteristic function approach [3] and the Gaussian approximation. The results are compared for different channel environments. Finally, the BER's for the conventional Rake and correlation receivers as well as a modified Rake receiver are compared.
SYSTEM MODEL
There are K forward links for simultaneous transmission to K different mobiles. The kth link is allocated one Walsh sequence which is used in concatenation with a *This work was supported in part by the Natural Sciences and Engineering Research Council of Canada under Grant OGPO(lO1731 and by a fellowship grant from the African Development Bank and the Govemment of Japan.
common PN sequence. The Walsh sequences have the same period M, while the common PN sequence has a period P, with P and M chosen to be relatively prime.
For a rectangular chip waveform, the Walsh sequence signal, w k ( t ) , as well as the m-sequence signal, p ( t ) , are modeled as sequences of { + 1, -1 } pulses of duration T,.
The concatenated spreading sequence signal for the kth link is a k ( t ) = P ( t ) W k ( t ) . Let the data signal to be transmitted through the kth link be denoted by b k ( t ) , a sequence of {+l, -1) pulses of duration T = MT,. It is assumed that the nth data pulse, bk, takes on values +1 and -1 with equal probability. The signal transmitted through the kth link after bandwidth spreading is given by
which then BPSK modulates a carrier to produce S k ( t ) = @ek(t) cos (w,t) where P is the average transmitted power and w, is the carrier angular frequency.
A frequency selective channel model with L + 1 different paths is used. Each path is assumed to undergo independent Rayleigh fading; the zeroth path may also contain an unfaded specular signal of amplitude P, in which case the zeroth path is a Rician channel. For a composite transmit-
k=l be the complex representation of the total transmitted signal. The received signal (without noise) is
n=O where the complex gain coefficient, a n , for the nth path is given by a 0 = P + roA0 exp(j00) and an = rnAn exp(je,), 1 5 n 5 L. The received signal at the ith mobile is given by
where n(t) is additive white Gaussian noise (AWGN) with two sided power spectral density N0/2. Assuming that the despreading code at this mobile is synchronized with the spreading code of the signal through the zeroth path, the output of a correlation receiver is given by
For a channel where the zeroth path contains an unfaded specular signal, and assuming synchronization with this specular signal [3], 0 = 0. For a channel without a specular signal in the zeroth path, 0 = 80.
BER PERFORMANCE
The output of the correlation receiver can be written as
where q N N 0, a is due to AWCN, I, is the interference due to the simultaneous transmission by the base station to other mobiles, F, is interference due to the multipath signals and Eb = PT. Both I , and Fm depend on the spreading sequence allocated to the ith user and the relative transmission delays of the other paths with respect to the zeroth path. This dependence on i is not shown explicitly in order to simplify the notation.
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Channels with Rayleigh Faded Zeroth Path
Since the concatenated Walshtm-sequences are synchronized at the chip and bit levels, I , = 0. The fading is slow relative to the duration of several bits so that we can find the probability of bit error by conditioning on the fading variable A0 .
BER Evaluation Using the Characteristic Function
The BER can be expressed as [3]
where Pq (Ao) is the BER in the absence of multipath signals, eq ( U ) is the characteristic function of q and @ F~ (U) is the characteristic function of the multipath interference
and PV(Ao) = Q(A0/gV).
The average probability of error is given by
The term Fm is independent of a0 so that the average BER is given by [3]
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Using ( (15), s is the starting element of the common PN sequence for the desired bit bk and is modeled as a random variable uniformly distributed between 0 and P-1. The characteristic function of the multipath interference can be written as (17) and
The term Ck,%(n) is the discrete aperiodic crosscorrelation function [4] . 
BER Evaluation Using the Gaussian Approximation
In (7), if we approximate the multipath interference Fm as having a Gaussian distribution, the sum F, + q will be a zero mean Gaussian random variable. The conditional variance of Zi is given by
From (15), and assuming P >> M , var(Fm) can be sim-
Using a result from [ 2 ] , the average BER can be expressed as
Channels with Rician Faded Zeroth Path
Let the interference due to a faded signal in the zeroth path be I,. We then have (23) Following a similar procedure to that for channels with Rayleigh faded zeroth path, we can find the BER using 
BER Evaluation Using the Characteristic Function
Here, the average BER is obtained by modifying (1 l (17) respectively.
BER Evaluation Using the Gaussian Approximation
From (23), if we approximate the total interference Tm as having a Gaussian distribution, the sum T, + q will be a zero mean Gaussian random variable. The conditional variance of the output of the correlation receiver is given by where var(Tm) can be shown to be equal to the sum of the variances of I, and F, . The variance of F, is given in (20) and var(Im) = $/2. The signal to noise ratio at the output of the correlation receiver then becomes
a2
The average BER is given by Q( m) .
IV. MULTIPATH DIVERSITY RECEIVERS
The channel model is as in Section 2, except that the signals that are synchronized to the diversity fingers are pairwise resolvable, i.e., T,+I -T~ > T,. The analysis is based on the Rake receiver diagram in Fig. 1 .
Channels with Rayleigh Faded Zeroth Path
The output decision variable from the Rake receiver can be written as n=O rn (~ -7,) ) dt (29) and re-expressed as
The term n' due to AWGN is given by
To obtain an expression for the multipath interference F,, we consider the information bits that are affected because of the overlapping portions of the signal during correlation in the different fingers. Fig. 2 shows the bits involved in the multipath interference when the maximum difference between the transmission delays of the paths is less than a bit duration. Consequently, the multipath interference is obtained by using (15), and is given by
In (32), bfl and bf2 denote the two adjacent bits of the kth user in the signal in path 1 that interfere with the desired bit in path n. If the signal in path 1 is delayed in time with respect to that in path n, the bits are bkl and bt respectively. If the signal in path 1 is advanced in time with respect to that in path n, the bits are bt and bt;' respectively. The parameters qhnl = qhn -$1 and ~~l = 17, -~1 1 represent the carrier phase difference and the relative delay of the signals in path n and path 1 respectively.
BER Evaluation Using the Gaussian Approximation
To obtain the BER using the Gaussian approximation, we need the variance of the output decision variable. Conditioned on the fading parameters a0 . . . , CLL, n' is independent of F,, and the variance of Vi is given by
where var(n') is obtained from (3 1) and is given by [5]
Since both n' and F, are zero mean random variables, conditioning on the fading parameters an and bb = 1, the mean of Ui is given by
The conditional SNR is given by
(35)
Assuming that F, i-n' is Gaussian, the conditional BER is given by
Using (32) 
Channels with Rician Faded Zeroth Path
In this case, the carrier at the finger assigned to the zeroth path synchronizes with the carrier in the non-faded signal in this path. The output decision variable can be expressed as
The interference due to simultaneous transmission to the mobiles on the same path is
The term n' now has variance and the multipath interference is given by
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BER Evaluation Using the Gaussian Approximation
Conditioning on the signal amplitudes P and ao, . . . , a~, the variance of the Rake receiver output decision variable is given by 
By modifying (38) to include the non-faded signal, the variance of F, can be written as
The average BER can be obtained by averaging the conditional BER over the fading amplitudes cy,, n = 0,. . , B using the same technique as in the case of the channel with Rayleigh fading on the zeroth path's signal. The conditional BER is given by
V. A MODIFIED RAKE RECEIVER
Simulation results show that the performance of the Rake receiver in channels with Rician fading on the zeroth path degrades faster with the number of users in the system when the multipath signals (other than the specular signal) are weak compared to when the multipath signals are strong. The explanation for this is that when diversity is applied, the strong zeroth path signals become interference to the weak signals on the other paths. When the number of users increases, a larger amount of interference power is added by virtue of the multipath combination compared to the amount of desired signal power. At some point, the Rake receiver performs worse than the conventional single correlation receiver.
A modified diversity receiver was investigated. In this modified receiver, the output of a finger is included in the maximal ratio combining if the fading amplitude of the signal to which the finger is synchronized is less than the maximum amplitude of the fading multipath signals by a certain threshold. A threshold of 0% corresponds to selection diversity.
VI. NUMERICAL RESULTS AND
For the numerical results, a multipath intensity profile (MIP) as measured in [7] as well as a somewhat arbitrary MIF' of 0 dB, -2 dB and -3 dB to simulate strong multipaths are used. A 3-path model is assumed. The transmitted bit energy to noise density ratio, &/NO, is 30 dB and the processing gain is M = 64. The common m-sequences used are as follows: for P = 2047, the m-sequence is generated with a shift register with a characteristic polynomial of 5001 in octal notation [8] , while for P = 63, 31 and 15 the characteristic polynomials are 103, 45 and 23 respectively. For a fixed value of P , the performance was found to be independent of the particular m-sequence used. Average BER results were also obtained using simulation and the Gaussian approximation for K up to 60 [6] . It was found that for a channel with weak multipaths, the Gaussian approximation is quite accurate. For a channel with strong multipaths, the Gaussian approximation gives a slightly pessimistic estimate of the average BER. With weak or strong multipaths, it was found that for K 2 10, the average BER does not vary much with P.
Figs. 5 and 6 show the average BER with an unfaded signal on the zeroth path. In both figures, it can be seen that the Gaussian approximation is very optimistic in estimating the BER and that the BER does not vary much with
P.
Due to space limitations, the results obtained with diversity receivers are briefly summarized. It was found that the Gaussian approximation generally provides a very optimistic estimate of the average BER. The modified Rake receiver can provide a significant improvement when the zeroth path is unfadedmician faded and multipaths are weak. Fig. 7 shows the BER performance of the no-diversity correlation, Rake and modified Rake receivers for different Rice factors. In this figure, the average powers of the two faded signals are assumed to be equal. Thus for a channel with a Rice factor of 5 dB, we assume an MIP of 0 dB, -8.01 dB and -8.01 dB (there is no fading on the zeroth path). The Rake receiver performs worse than the selection diversity (correlation) receiver at a Rice factor greater than 5.2 dB (6 dB). The modified Rake receiver with threshold set at 50% performs better than the Rake receiver for Rice factors greater than 2 dB.
.... 
